We investigate the impact of 1/f noise on cosmology for an intensity mapping survey with SKA1-MID Band 1 and Band 2. We use a Fisher matrix approach to forecast constraints on cosmological parameters under the influence of 1/f noise, adopting a semi-empirical model from an earlier work, which results from the residual 1/f noise spectrum after applying a component separation algorithm to remove smooth spectral components. Without 1/f noise, the projected constraints are 4 per cent on w 0 , 1 per cent on h, 2 per cent on b H I using Band 1+Planck, and 3 per cent on w 0 , 0.5 per cent on h, 2 per cent on b H I using Band 2+Planck. A representative baseline 1/f noise degrades these constraints by a factor of ∼1.5 for Band 1+Planck, and ∼1.2 for Band 2+Planck. On the power spectrum measurement, higher redshift and smaller scales are more affected by 1/f noise, with minimal contamination comes from z 1 and 100. Subject to the specific scan strategy of the adopted 1/f noise model, one prefers a correlation in frequency with minimized spectral slope, a low knee frequency, and a large telescope slew speed in order to reduce its impact.
I N T RO D U C T I O N
In recent times we have come to an era of precision cosmology, where CMB measurements from Planck satellite constrain a number of the cosmological parameters with 1 per cent accuracy (Planck Collaboration VI 2018) within the standard CDM model. However, for the study of dark sector which dominates in the late time Universe, one requires observations at much lower redshifts (z 1) than the CMB (z ≈ 1100). This can be achieved by measuring large-scale structures (LSS) of the Universe. The Baryon Acoustic Oscillation (BAO) feature, for example, is a key cosmological probe, which is the imprint left by acoustic waves in the early Universe and has a known scale of ≈150 Mpc (e.g. Anderson et al. 2014) . By measuring the BAO scale at several redshifts, one can use it as a standard ruler to deduce the time evolution of the Universe, and in particular, the evolution of the dark sector (e.g. Bull 2016) .
Conventionally, the measurement of BAO is achieved through optical galaxy surveys that detect individual galaxies with high resolution optical fibres. However, an alternative approach at radio wavelength is through the intensity mapping (IM) technique. The E-mail: tianyue@mit.edu concept is that it maps a single emission line from multiple unresolved galaxies, each of which is below the detection limit, but resolves large-scale structures by measuring intensity fluctuations over cosmological distances (Battye, Davies & Weller 2004; Peterson, Bandura & Pen 2006) . In addition to pixel-to-pixel fluctuations, the observing frequencies of radio IM surveys provide accurate redshift information, mapping the Universe in three dimensions (e.g. Weinberg et al. 2013; Kovetz et al. 2017; Bernal et al. 2019) .
Neutral hydrogen (H I) remains in dense gas clouds hosted predominantly within galaxies, and is thus a good tracer of galaxy densities that reveals the matter density fluctuations in the Universe (e.g. Madau, Meiksin & Rees 1997) . The 21 cm emission line (also known as H I line) comes from the spin-flip transition of electrons in neutral hydrogen, and is a good tracer of mass with minimal bias (e.g. Padmanabhan, Choudhury & Refregier 2015) .
Many H I IM experiments have been proposed, with the first detection made by the GBT team at z ≈ 0.8 through the crosscorrelation between H I IM maps and optical data (Chang et al. 2010; Masui et al. 2013) . Some H I IM experiments propose to use a single dish operating at lower redshifts (z < 1), such as GBT (Chang et al. 2010) , BINGO (Battye et al. 2013) , and FAST (Nan et al. 2011; Bigot-Sazy et al. 2016 ). Others propose to use an Impact 1/f noise impact on cosmological parameters 4255 interferometer, such as TIANLAI (Chen 2012) , CHIME (Bandura et al. 2014) , HIRAX (Newburgh et al. 2016) , HERA (DeBoer et al. 2017) , MWA (Bowman et al. 2013) , LOFAR (van Haarlem et al. 2013 ), PAPER (Parsons et al. 2010), and LWA (Eastwood et al. 2018) . The upcoming Square Kilometre Array (SKA) is promising in terms of conducting H I IM surveys, operating in interferometry mode for SKA-LOW, and single dish (total power) mode for SKA-MID Santos et al. 2015; SKA Red Book. 2018) The success of an intensity mapping experiment will rely primarily on two aspects: (i) the effective removal of Galactic foreground contamination; (ii) the control of the instrumental noise and systematic errors. The Galactic foreground emission can be ∼10 4 times stronger than the H I signal so that an effective component separation method must be applied to properly reconstruct H I signal from foreground contamination (e.g. Wolz et al. 2014; Alonso et al. 2015; Olivari, Remazeilles & Dickinson 2016) . Systematics is another challenge which contaminates H I signal in two ways: (i) it mimics or obscures H I signals; (ii) it complicates the structure of Galactic foregrounds, making it difficult for component separation to properly subtract H I signals. For example, both Switzer et al. (2013) and Patil et al. (2017) , using GBT and LOFAR for H I IM, respectively, found that mis-calibration is one of the main limiting factors for detecting H I signals. Radio-frequency interference (RFI), such as mobile phones and satellite, is another challenge for H I IM (Chang et al. 2010; Switzer et al. 2013; .
For a single dish radio telescope, significant contamination will come from the receiver 1/f noise, caused by gain fluctuations, G(t)/G, in the receiver system (Nyquist 1928) resulting from ambient temperature changes, transistor quantum fluctuations, and power voltage variations. The term '1/f noise' originates from the shape of the power spectrum that increases approximately inversely with audio frequency in the time-ordered-data (TOD), which means the 1/f noise has more power in long time-scale fluctuations than short time-scale. It can dominate Gaussian thermal noise and contaminate H I signal. In the observed map, 1/f noise will introduce stripes along the scan direction . Therefore, for detecting weak H I signals with IM, care must be taken to mitigate 1/f noise .
In this work, we focus on quantifying the impact of 1/f noise on cosmological parameter constraints using SKA IM. We adopt the semi-empirical 1/f noise model from , and add it into a Fisher matrix analysis to project constraints on cosmological parameters, subject to the specific scan strategy and component separation method used in . Section 2 introduces the SKA IM survey parameters and Section 3 gives the formulae for power spectra and Fisher matrix calculation. Sections 4 and 5 present the projected constraints with and without 1/f noise, respectively, and in Section 6 we draw conclusions.
THE SURVEY
The IM facility assumed in our analysis is SKA. SKA will be delivered in two phases, with SKA1 currently under construction, and the configuration of SKA2 to be decided. SKA1 will comprise two telescopes -SKA1-MID and SKA1-LOW. SKA1-MID is a dish array based in South Africa, observing between 0.35 and 1.75 GHz. SKA1-LOW is located in western Australia, observing between 0.05 and 0.35 GHz (SKA Red Book. 2018). For the purpose of our study, we will focus on using SKA1-MID since it observes LSS at low redshifts (z < 3) where the dark sector dominates.
Following SKA Red Book. (2018), SKA1-MID consists of 64 × 13.5 m MeerKAT dishes and 133 × 15 m SKA1 dishes. For simplicity, we assume all 197 dishes have the same dish diameter of 15 m in our analysis, which will not lead to significant errors. It is also assumed that the SKA1 and MeerKAT dishes will have completely overlapping frequency bands, since the main point of our analysis is to compare the degradation on cosmological parameter constraints caused by 1/f noise, as opposed to the absolute accuracy on parameter forecasts. We therefore do not expect our main conclusions to be subject to the assumptions. The SKA1-MID will operate in two frequency bands, with Band 1 observing at 350 and 1050 MHz and Band 2 observing at 950−1750 MHz. Santos et al. (2015) and Bull et al. (2015) argued that compared to interferometric mode, SKA1-MID operating in the single dish (autocorrelation) mode benefits from a better sensitivity to H I at BAO scales, and an increased H I surface brightness temperature sensitivity. Therefore, we primarily concentrate on SKA1-MID Band 1 since it is the main band for SKA IM (SKA Red Book 2018), but we will also consider SKA1-MID Band 2 at 950−1410 MHz, with both operating in single dish (total power) mode. A frequency channel width of 20 MHz is assumed for both bands, which is the same as in for consistency. This gives a total number of 35 and 23 frequency channels for Band 1 and Band 2, respectively. We refer to Section 4.4 for more discussions on the choice of total number of frequency channels.
The receiver will have dual polarization, and the beam full-width half-maximum (FWHM) is calculated at the medium frequency of each band as
which gives θ FWHM = 1.77 • for Band 1 at ν med = 700 MHz, and θ FWHM = 1.05 • for Band 2 at ν med = 1180 MHz, respectively. We follow SKA Red Book (2018) to calculate the system temperature of SKA1-MID as
where T spl ≈ 3 K is the contribution from 'spill-over', and T CMB ≈ 2.73 K is the CMB temperature. The contribution from our own Galaxy scales with frequency as T gal = 25 K(408 MHz/ν) 2.75 .
The receiver noise temperature T rx is modelled using
for Band 1, and T rx = 7.5 K for Band 2. We further simplify the calculation for Band 2 by assuming a constant Galactic contribution of T gal ≈ 1.3 K as it is subdominant at high frequencies, and yield a constant overall system temperature of T sys = 15 K for Band 2. We follow SKA Red Book (2018) by assuming a 10 000 h integration time for the IM surveys with both bands, and a 20 000 and 5000 deg 2 sky coverage for Band 1 and Band 2, respectively. The instrumental and observing parameters of SKA1-MID Band 1 and Band 2 are summarized in Table 1 .
F I S H E R F O R E C A S T F O R M A L I S M
We project constraints on cosmological parameters using the Fisher matrix technique (Fisher 1920) , which is a quick and effective way to obtain cosmological forecasts. It assumes all parameters are Gaussian-distributed and no additional uncertainties unless they are incorporated. Forecasts from Fisher method give the optimal results expected from the upcoming experiment, and can guide the instrumental requirements. In this section, we present the H I power spectrum formula, noise models, Fisher matrix formula, and priors used in our calculations.
H I power spectrum
We adopt the dimensionless 2D angular power spectrum of H I signal without multiplication by the average H I brightness temperature, calculated by (e.g. Bonvin & Durrer 2011; Battye et al. 2013 )
where the window function W i (z) of each bin is centred at redshift z i with a bin width of z such that
The growth factor D(z) is calculated from the system of equations (Dodelson 2003 )
and the growth rate f(z) is the derivative of D(z) such that
which encodes the redshift-space-distortion effect (RSD) caused by the peculiar motion of galaxies (e.g. Hamilton 1998 ). The underlying matter power spectrum P m at each wavenumber k and the current redshift z = 0 is computed using the CAMB software (Challinor & Lewis 2011; Howlett et al. 2012) . We assume a redshift-and scale-independent H I bias at the fiducial value of b H I = 1. The multipole is related to the wavenumber k through the Bessel function j (kχ ) and its second derivative j (kχ), where χ is the comoving distance defined by Fig. 1 shows the H I power spectrum (red) at z = 0.5 (solid) and z = 2 (dashed), respectively, illustrating that the amplitude of the power spectrum decreases towards higher redshift. The evolution of the H I power spectrum with redshift depends on the growth of matter structure, which is sensitive to the Dark Energy equation of state parameter w at low redshift (e.g. Olivari et al. 2018 ). This is why H I IM at low redshift is a good probe of the dark sector.
Thermal noise power spectrum
Thermal noise defines the fundamental sensitivity of the instrument. It is the voltages generated by thermal agitations in the resistive components of the receiver. Thermal noise is calculated by the radiometer equation ( 
where T sys is the total system temperature introduced in equation (2), δν is the frequency channel width, and t pix is the integration time per pixel such that
where pix ∝ θ 2 FWHM is the pixel area, and other parameters are taken from Table 1 . The angular power spectrum of thermal noise is
where N pix is the number of pixels in the map, and σ T, i is the thermal noise level for each frequency channel i given by equation (10). We will assume the thermal noise is uncorrelated in frequency such that δ i, j = 1 for i = j, and δ i, j = 0 otherwise. The dimensionless thermal noise power spectrum is calculated by dividing σ T, i by the mean brightness temperature of 21 cm signal at each frequency channel, T (z), with (Battye et al. 2013 )
where H I is the density of 21 cm signal relative to the present-day critical density, and we assume a constant H I = 6.2 × 10 −4 as measured by Switzer et al. (2013) using GBT at z ∼ 0.8. One also needs to apply the beam correction b (z i ) at each frequency channel ν i such that
where σ b,i = θ B (z i )/ √ 8 ln 2 (e.g. Bull et al. 2015) , and
with ν mid being the middle frequency of the survey. The effect of the beam on the power spectrum is to reduce the signal by a factor of b 2 , which can be thought of as a increase in the noise by a factor of Fig. 1 shows the expected thermal noise (green) at z = 0.5 (solid) and z = 2 (dashed), respectively, for SKA1-MID Band 1. In both cases, the thermal noise will be well below the H I signal (red) at most scales below ∼ 100, enabling the detection of the signal. Since the beam effect is included as an increase in the noise, above ∼ 100, it increases the thermal noise exponentially to surpass the signal.
1/f noise power spectrum
As introduced in Section 1, 1/f noise is induced by gain fluctuations in the receiver system and is independent of thermal noise. For a receiver system contaminated by both, overall power spectral density (PSD) is the quadratic addition of the two components such that (e.g. Seiffert et al. 2002; )
where σ T is the thermal noise level, with the first term in the bracket being the contribution from thermal noise and the second powerlaw term arising from 1/f noise. The knee frequency, f knee , is the frequency where 1/f noise has the same amplitude as thermal noise. The spectral index of 1/f noise, α ≈ 1 − 2, is always positive so that 1/f component has more power on longer time-scales. modified equation (17) to take into account correlations in the frequency direction such that
where ω is 1/ν. For N frequency channels and a channel width of δν, the values of ω range from the smallest, ω 0 = 1 Nδν = 1 ν , to the largest, ω N−1 = 1 δν . The correlation index, β, describes the correlation of 1/f noise in frequency, and has a value between 0 and 1. For β = 0, the 1/f noise is completely correlated across all frequency channels and for β = 1, the 1/f noise is completely uncorrelated.
The correlation of 1/f noise in frequency space, G(ν), is given by the discrete inverse Fourier transform of the correlation in wavenumber space, such that
which quantifies the correlation of the first frequency channel with other channels. In order to get the covariance matrix G(ν i , ν j ) of 1/f noise, we construct a Toeplitz matrix from G(ν), which has constant descending diagonals from left to right (e.g. Golub & van Loan 1996) . The Toeplitz matrix has been used in, e.g. the Planck CMB map-making analysis to describe the 1/f noise covariance matrix (Ashdown et al. 2007 ). In our case, the Toeplitz matrix
If the 1/f noise is completely correlated in frequency space, equation (20) is a matrix of ones and for completely uncorrelated 1/f noise, equation (20) is an identity matrix. provided a semi-empirical angular power spectrum of the residual 1/f noise level in the reconstructed H I power spectrum after applying component separation. A high-pass filter was applied to the TOD in their simulation to remove correlations on very long time-scales, and we have tested that the bias on the mean H I signal due to this filter has negligible impact on our results since large scales are dominated by the cosmic variance.
The model was derived by first combining the constituent parts that are known already, with no correlation between frequency channels (β = 1). The amplitude of the residual 1/f noise is defined as
where T sys is the system temperature, f knee is the knee frequency, δν is the frequency channel width, n t is the number of telescopes, T obs is the integration time in unit of days, and sur is the survey sky coverage. They then fitted a model to take into account the dependence of the residual 1/f noise angular power spectrum on the spectral index α and the telescope slew speed v t . The best-fitting model was determined as
where a, b, and c are constants with the best-fitting values of 1.5, −1.5 and 0.5, respectively. The 1/f noise frequency correlations, described by the correlation index β, will have an impact on the residual 1/f noise angular power spectrum bias. From their particular simulations, measured the mean fractional change in this bias to determine the fractional decrease in F due to β. The model that provides a reasonable fit to their simulated data was determined as
with d = −0.16. Note that if it is necessary to filter TOD in order to make the mean unbiased, extra corrections may become required. In particular, the model is specific to the scan strategy and component separation method used in their analysis, and may not be valid if things are done differently. Here we adopt their model and compute the 1/f noise for each frequency channel as the product of the 1/f noise covariance matrix G(ν i , ν j ) and the angular power spectrum
Throughout the paper, unless otherwise stated, we adopt the same baseline setup of 1/f noise at [β = 0.5, α = 1, f knee = 1 Hz, v t = 1 deg s −1 ] as in . We vary the value of each 1/f noise parameter in Section 5.2, to investigate their impact on cosmological parameters. The ranges of these parameters are listed in Table 1 . Fig. 1 shows the 1/f noise (blue) using the baseline setup. Note that the 1/f noise has a bigger impact at large scales as can be verified from equation (22), and decreases with multipoles. At 100, the beam effect increases the noise level to surpass the signal. For z = 0.5 (solid), the 1/f noise is below the H I signal (red) without the beam effect, enabling a detection of the signal, but nevertheless higher than the thermal noise (green). The total observed power spectrum (solid black) in this case is dominated primarily by H I signal. At z = 2 (dashed), the 1/f noise is significantly higher than both H I signal (red) and thermal noise (green), where no detection of signal can be made. The total observed power spectrum (dashed black) in this case is always dominated by 1/f noise. Based on Fig. 1 , 1/f noise could have a big impact on the H I signal detection, and thus cannot be ignored.
Fisher matrix and cosmological parameters
The Fisher matrix for projecting cosmological parameter constraints is constructed by (e.g. Dodelson 2003; Asorey et al. 2012; )
where C XX and C Y Y are the H I power spectra (equation 5) at different redshift bins denoted by X, X , Y, and Y . θ is a set of cosmological parameters that parametrize the H I power spectrum. The covariance matrix of the measured power spectrum, Cov(XX , YY ), is
where f sky is the fractional sky coverage of the survey, andĈ is the measured H I power spectrum including noise such that
including thermal noise only, and
including both thermal noise and 1/f noise. We will use the CPL model (Chevallier & Polarski 2001; Linder 2003) to parametrize the background equation of state for the dark sector as
and therefore the set of cosmological parameters that we will use is
The fiducial values of these parameters are adopted from Olivari et al. (2018) for consistency and comparison. The first row of (25) is calculated numerically by varying each parameter with a step of ± θ. The value of θ should not be too large, so that it miscalculates the derivative, nor too small, so that it introduces numerical noise. We will use θ = 0.5 per cent × θ and we have checked that the derivatives in this case are stable. Each parameter is marginalized over other parameters, and their uncertainties are calculated from the inverse of the Fisher matrix in equation (25).
The BAO scale measured from the H I power spectrum is sensitive to the Hubble rate H(z) in the radial direction, and to the angular diameter distance D A (z) in the transverse direction, which both provide information revealing the expansion history of the Universe. Thus we can constrain H(z) and D A (z) at three redshifts by a coordinate transformation from b h 2 , w 0 , and w a . The parameter transformation is performed through a transformation matrix T such that (Coe 2009) 
where [F ] is the new Fisher matrix after the parameter transformation, with new parameters θ = (θ 1 , θ 2 , θ 3 , . . . ), and [F] is the old Fisher matrix with old parameters θ = (θ 1 , θ 2 , θ 3 , . . . ). The transformation matrix T is calculated through the partial derivative of the old parameters to the new parameters that T i,j = ∂θ i ∂θ j , and T T is the transpose of the transformation matrix. The parameter sets after the transformation in these two cases are
and
Note that our constraints on H(z) and D A (z) are limited to three redshift values through the parameter transformation method. However, this limitation does not void the main conclusions of this paper regarding the impact of 1/f noise. In each case, the parameter is marginalized over as a free parameter in each redshift bin. We choose three particular redshift bins at z = [0.5, 1.5, 2.5] for Band 1 
We have tested other redshift bins under the same selection criteria, which all give consistent results.
The linear growth rate f(z), characterizing the RSD effect, can be used for testing alternative theories of gravity, which alters galaxy peculiar velocities with respect to the General Relativity prediction (e.g. Jain & Zhang 2008; Baker, Ferreira & Skordis 2014) . Therefore it is also useful to project constrains on f(z), and understand the impact of 1/f noise. We forecast constraints on fσ 8 (z) = f(z)σ 8 D(z) with 10 equally spaced frequency bins expanding over the full band of SKA1-MID Band 1 and Band 2, respectively. We assume a piece-wise linear parametrization of fσ 8 (z) at the 10 frequency bins. We vary the amplitude of each bin with f σ 8 (z) = 0.5 per cent × f σ 8 (z), and calculate the derivative of the H I spectrum with respect to fσ 8 (z) numerically from there.
The combination of f(z)σ 8 D(z) takes into account the degeneracy between f(z), D(z), and σ 8 . The parameter set in this case is
Each of the 10 fσ 8 (z) is treated as an independent parameter and marginalized over, with all other base parameters fixed.
Planck prior
Although SKA1-MID IM survey is promising in terms of probing the dark sector, it will find it difficult to constrain all parameters by itself. Combining data sets from other probes can break parameter degeneracies and improve precision. The high-precision measurements of the CMB from Planck already provide very tight constraints on the base parameters of CDM model. Therefore, we will include a Planck prior, which is obtained from Planck 2015 TT+TE+EE likelihood data (Planck Collaboration XI 2016) using COSMOMC (Lewis & Bridle 2002) , that uses the Markov Chain Monte Carlo technique to estimate the maximum-likelihood value for cosmological parameters and return their covariance. In particular, we take the output parameter covariance matrix from COSMOMC, and add it into our IM Fisher matrix. We assume a wCDM model when producing the Planck prior, since the high redshift CMB measurement reveals little information on w a . We include, from the output covariance matrix from COSMOMC, only the six relevant parameters for our analysis such that P = { b h 2 , c h 2 , n s , log(10 10 A s ), w 0 , h},
and treat all other COSMOMC parameters as nuisance parameters.
P RO J E C T E D C O S M O L O G I C A L PA R A M E T E R C O N S T R A I N T S F O R T H E R M A L N O I S E O N LY
In this section, we present the results of cosmological parameter constraints from the Fisher matrix analysis, where only thermal noise is included without 1/f noise. We present the results in Section 4.1. We investigate the importance of accurate H I power spectrum calculation, in terms of the redshift space-distortion component (Section 4.2), cross-frequency components (Section 4.3), and the total number of frequency channels (Section 4.4).
SKA1-MID projections
In this section, we present projected constraints on the eight cosmological parameters (equation 30) using the Fisher matrix method described in Section 3.4 for the case of thermal noise only. We do this for both the SKA1-MID Band 1 and Band 2 surveys, operating in single dish mode, with the survey parameters given in Table 1 . The projected uncertainties on the cosmological parameters are presented in Table 2 along with the Planck priors used in our analysis (Section 3.5). SKA1-MID results are presented in the third and fouth rows of Table 2 . The constraints on w 0 and h are significantly improved compared to Planck. In particular, SKA1-MID Band 1 alone has the potential to constrain w 0 with ≈6 per cent accuracy, and h with ≈3 per cent accuracy. This is because the H I power spectrum measured by SKA IM over a range of redshifts breaks the angular diameter distance degeneracy inherent in CMB measurements, allowing simultaneous measurement of w 0 , w a , and h. In addition, the amplitude of the H I spectrum is sensitive to b H I , allowing a ≈3 per cent constraint using Band 1 alone, in line with that reported in SKA Red Book (2018).
Comparing Band 1 with Band 2, we find that a tighter constraint would be obtained from Band 1 on w 0 , w a , and b H I , but from Band 2 on h. This is because a survey with Band 2 will be more sensitive to lower redshifts, yielding tighter constraints on h than with Band 1, whose wider and higher redshift range facilitate measurements of w 0 and w a . In Fig. 2 we show the joint constraint on w 0 − h for the various surveys presented in Table 2 , illustrating a clear degeneracy between the two parameters from the Planck measurement. In contrast, tighter constraints on both parameters are projected from measurements using SKA IM surveys with different degenerate lines. In particular, SKA Band 1 alone is powerful in terms of constraining w 0 , while Band 2 alone is better at constraining h.
Note that IM observations are sensitive to b h 2 , c h 2 , log A s , and n s , but constraints are of the orders of magnitude weaker than those from Planck. Therefore, we add the Planck prior to the SKA Fisher matrices and the results are presented in the fifth, sixth, and seventh rows of Table 2 for Band 1+Planck, Band 2+Planck and Band 1+Band 2+Planck, respectively. We find that this constrains the base CDM parameters and further breaks degeneracies between h, w 0 , w a . The projected constraint on w 0 is further improved to ≈3 per cent for SKA+Planck. This can be further illustrated from Fig. 2 where the addition of Planck and SKA IM measurements breaks the angular diameter distance degeneracy, leading to significantly smaller contours on the joint w 0 − h plane.
Similar results have been reported previously in Olivari et al. (2018) where a 4 per cent and 2 per cent constraint was obtained from Band 1+Planck and Band 2+Planck, respectively, using a maximum likelihood analysis for the wCDM model from simulated maps, and for a slightly different cosmological parameter set to ours. In addition, the projected constraint on the H I bias is improved to ≈2 per cent for both bands after adding the Planck prior, because it breaks the degeneracy between log A s and b H I .
Our results show that under the assumption of completely Gaussian white noise without systematics or foreground contamination, an intensity mapping survey with SKA1-MID combined with Planck has the potential to tightly constrain cosmological parameters under the CPL model, nourishing the dark energy study.
Importance of redshift-space-distortions
From equation (5), we see that the RSD component, encoded in the f(z) term, is the key to breaking the complete degeneracy between A s and b H I . We would expect no constraint on A s or b H I in the absence of the RSD component in an IM-only survey. In order to verify this, we artificially set the f(z) term to be zero and recalculate parameter constraints from SKA1-MID Band 1. We only present results for Band 1, but find the same results for Band 2, and our main conclusions are independent of the exact band analysed. Therefore, throughout the paper, unless otherwise stated, we will present results for Band 1 only. The results without the RSD component are given in the last two rows of Table 2 , with infinite uncertainties on A s or b H I . Adding the Planck prior provides a constraint on A s and thus enables a measurement on b H I .
Our results confirm that the RSD component is essential to obtain a constraint on A s and b H I . Therefore, the small uncertainties on A s and b H I given by Olivari et al. (2018) are a result of the inclusion of a Planck prior, since the RSD component was neglected in their H I power spectrum calculation.
Cross-frequency contribution
In order to understand the importance of the cross-correlation H I signal between frequency channels, we have performed an analysis only including the autocorrelation signal for each frequency channel in the H I power spectrum. We expect that the parameter uncertainties will degrade, compared with those obtained using the full power spectrum calculation, due to the loss of information.
In Table 2 , we present (in brackets) the degradation factor of each parameter below its uncertainty obtained using the full power spectrum calculation. The degradation factor for each cosmological parameter is defined as the ratio of its uncertainty without the crosscorrelation signal to that with the full power spectrum calculation. We see that the cross-correlation signal is more important to Band 1 than in Band 2 since Band 1 has more frequency bins and thus suffers more loss when the cross-correlation signal is excluded. In the case where the Planck prior is added, the exclusion of the crosscorrelation signal makes less difference. These results are consistent with the expectation, and confirm that one shall adopt the full H I power spectrum calculation wherever possible for a more accurate forecast.
Impact of number of frequency channels
We have chosen a specific number of frequency bins, N bin , for our analysis: 35 in the case of Band 1 and 22 for Band 2. In principle, we could have used any value but as N bin decreases, there is less information from the line-of-sight component of the power spectrum (e.g. information on the RSD component as discussed in Section 4.2). However, as N bin increases, the amount of information gained will reduce dramatically beyond some critical value. This is because the system noise increases ∝ 1 √ δν and thus ∝ √ N bin . Besides, computational requirements (the calculations of spectrum scale ∝N 2 bin ) prefer one to choose the lowest possible value. In this section we will investigate the constraints on the cosmological parameters as a function of N bin . We will vary N bin in the range of [5, 15, 25, 35, 45] keeping the total bandwidth fixed at 700 MHz for SKA1-MID Band 1. We would expect similar behaviour for Band 2. The channel width in each case is simply the total bandwidth divided by N bin . The parameter uncertainties as a function of N bin are shown in Fig. 3 , relative to their uncertainty δA 5 for N bin = 5. Since we have shown in Table 2 that w 0 , w a , h, and b H I are those parameters most strongly constrained by the IM data, hereafter we will only present results for these parameters. The left-hand panel in Fig. 3 is from Band 1 alone, and the right-hand panel is from Planck+Band 1. In both cases, we observe significant improvement on parameter constraints from N bin = 5 to N bin = 25, but little additional information beyond N bin = 25 because of the increased noise. The parameter constraints in the case of Planck+Band 1 are less strongly impacted by varying N bin than Band 1 alone.
IMPACT OF 1/f N O I S E
In this section, we investigate the impact of 1/f noise on intensity mapping, adopting the semi-empirical 1/f noise model introduced in Section 3.3 based on . We quantify the consequent degradation caused by 1/f noise on the power spectrum (Section 5.1), the impact of different 1/f noise parameters (Section 5.2), and the consequent degradation on the constraints of w 0 − w a (Section 5.3), H(z) and D A (z) (Section 5.4), and f(z) (Section 5.5).
Power spectrum degradation
In order to understand the impact of 1/f noise on power spectrum measurements, we define a degradation factor, δ (z i , z j ), as the ratio of the total power spectrum with 1/f noise (equation 28) to that without 1/f noise (equation 27), given by
We will only compute δ (z i , z j ) for autocorrelation frequency channels, i.e. i = j, since i = j has N (z i , z j ) = 0 by assumption, and a possible C H I (z i , z j ) = 0 that results in an infinite δ (z i , z j ). The power spectrum degradation factor δ is plotted as a function of redshift and angular multipole in Fig. 4 for SKA1-MID Band 1 (left-hand panel) and Band 2 (right-hand panel), respectively. We adopt the baseline 1/f noise setup at [β = 0.5, α = 1, f knee = 1 Hz, v t = 1 deg s −1 ]. For both bands, it can be seen that the degradation factor has large variations in both redshift and angular scale. Typically, it increases towards high redshift, because the H I signal is weaker at higher redshift, and thus more affected by 1/f noise. This can be confirmed from Fig. 1 , where the H I signal at z = 0.5 dominates up to the beam scale, but is completely dominated by the 1/f noise at z = 2. Vertically, the degradation factor increases towards the beam scale ( ∼ 200), where the beam correction increases noise levels exponentially.
It is worth noting from Fig. 4 that most of the constraining power comes from a 'window' at low redshift (z 1) below beam scales ( 100), at the presence of 1/f noise. The exact size of this 'window' and its degradation factor may vary with the 1/f noise level, observing frequency and is subject to the specific scan strategy and component separation analysis assumed. For SKA1-MID Band 1, the power spectrum measurement is degraded by a factor of δ ≈ 2 at z 1.5 and 100. SKA1-MID Band 2 has a smaller degradation factor of δ ≈ 1.3 at z < 0.5 and 200 due to observing at a lower redshift.
Our results show that 1/f noise can significantly degrade power spectrum detection, especially at high redshift. The large variation of the degradation in redshift is a big challenge to the measurement of redshift-dependent quantities, such as the growth rate f(z). Therefore, one can no longer neglect 1/f noise for intensity mapping experiment.
Impact of 1/f noise parameters
In order to understand the impact of 1/f noise on cosmological parameters, we vary the 1/f noise spectral index α, correlation index β, knee frequency f knee , and telescope slew speed v t , respectively. We calculate the ratio of the uncertainties on cosmological parameters relative to the case with β = 0, which is the totally correlated 1/f noise that can be completely removed by component separation assuming perfect calibration and no additional systematic errors.
The top two panels in Fig. 5 present the results for various β values for SKA1-MID Band 1 alone (left-hand panel) and Band 1+Planck (right-hand panel). The solid curves are the results with α = 1, and the dashed curves are those with α = 2, with f knee and v t fixed at the baseline values of 1 Hz and 1 deg s −1 , respectively. It can be seen that all cases in both panels have increased uncertainties towards a larger value of β. By comparing α = 1 (solid) with α = 2 (dashed), the spectral index α increases uncertainties significantly. By comparing Band 1 alone (left) with Band 1+Planck (right), the Planck prior compensates for some degradation by constraining other base parameters and breaking degeneracies.
In the middle two panels, we investigate the impact of varying f knee , fixing other parameters at the baseline values of β = 0.5, v t = 1 deg s −1 , and α = 1. It can be seen that the fractional uncertainties increase significantly as f knee increases. In order to have a negligible impact on cosmological parameter constraints, we deduce that one requires a f knee < 0.1 Hz. The results from Band 1+Planck (right) are less affected by 1/f noise than those from Band 1 alone (left).
Finally we study the impact of telescope slew speed by varying v t in the bottom panels, fixing other parameters at the baseline values of β = 0.5, f knee = 1 Hz, and α = 1. The fractional uncertainties in this case decrease with increased slew speed as one would expect. A high slew speed of 2 deg s −1 is desired if possible, in order to reduce the impact of 1/f noise. Again, the addition of Planck prior mitigates part of the degradation from 1/f noise.
In consistence with , our results show that a minimized spectral index (α < <2) is critical, with a potential degradation by a factor of 10 otherwise. A low knee frequency (f knee < <0.5 Hz), a higher telescope slew speed, and a correlation in frequency channels are desired to diminish the effect of 1/f noise, although this is subject to the specific assumptions from the adopted model. It is worth noting that even with the Planck prior, the degradation on h, w 0 , w a , and b H I cannot be completely mitigated since they are primarily constrained by IM data, which emphases the importance of controlling 1/f noise for IM experiments.
Nevertheless, the specifications of SKA1 and MeerKAT instrumental design are potentially adequate to meet the criteria to minimize 1/f noise. Cremonini et al. (2018) specified that under the wide-area-scanning mode, SKA1 dishes will allow a maximum scanning speed of 1 deg s −1 in elevation and 1 deg s −1 in azimuth. MeerKAT dishes will allow a maximum of 1 deg s −1 in elevation and 2 deg s −1 in azimuth. Besides, we have analysed a small sample of Figure 3 . Cosmological parameter constraints relative to those with N bin = 5 as a function of the number of frequency channels for SKA Band 1 (left-hand panel) and Planck+Band 1 (right-hand panel). We vary N bin in the range of [5, 15, 25, 35, 45] . The uncertainties decrease with increased N bin until N bin = 25, and flatten beyond that, suggesting that the choice of N bin = 35 used in this paper does not lose significant information. test data obtained from MeerKAT commissioning team to measure the total receiver noise from 10 antennas in L-band pointing at the South Celestial Pole. The data show highly correlated 1/f noise between frequency channels, which can potentially be removed through component separation steps.
Dark energy equation of state
We now focus on investigating the impact of 1/f noise on the dark sector equation of state parameters w 0 and w a . We present the projected joint w 0 − w a 1 σ confidence ellipses in Fig. 6 , marginalized over other cosmological parameters. We consider three cases with effectively no (completely removed) 1/f noise (β = 0), partially correlated 1/f noise (β = 0.5), and totally uncorrelated 1/f noise (β = 1), with other parameters fixed at the baseline values of v t = 1 deg s −1 , f k = 1 Hz, and α = 1. The left-hand panels are for SKA alone and the right-hand panels are for SKA+Planck, with Band 1 in solid and Band 2 in dashed, respectively.
For β = 0, the w 0 − w a contour from Band 1+Planck has a similar degenerate direction to that for Band 2+Planck, although the constraint from Band 1 alone is tighter than that from Band 2 alone. This can also be confirmed from Table 2 and Fig. 2 , where the addition of IM data to Planck breaks the angular diameter distance degeneracy in almost the same way for Band 1 and Band 2. Our projected joint w 0 − w a constraints are ∼ 50 per cent better than that from Bull (2016) and the reasons can be attributed to: (i) Figure 5 . The uncertainties on cosmological parameters relative to that obtained with effectively no 1/f noise (β = 0) as a function of the 1/f noise correlation index β (top), the knee frequency f knee (middle), and the telescope slew speed v t (bottom). The left-hand panels are obtained from SKA1-MID Band 1 alone, and the right-hand panels are from Band 1+Planck. In each case, the other 1/f noise parameters are set to the default baseline values, apart from the one that is varied. We investigate the impact of the spectral slope α in the top two panels with solid curves at α = 1 and dashed curves at α = 2. The uncertainties increase towards higher values of α, β, and f knee , but lower values of v t . Note that we use the same y-axis range vertically to emphasize the biggest impact from α and f knee . Bull (2016) adopted different cosmological parameter set with 11 cosmological parameters while we consider eight parameters; (ii) We include more frequency channels which brings finer information along the line of sight.
From areas of the contours in Fig. 6 , we see that the joint w 0 − w a constraint from Band 1 alone (left-hand panel; solid) is degraded by a factor of ≈2.5 with β = 0.5, and ≈4 with β = 1. The contours of Band1+Planck (right-hand panel; solid) are less affected by 1/f noise, and are degraded by a factor of ≈1.5 with β = 0.5 and ∼2 with β = 1. Band 2 is also less affected by 1/f noise than Band 1, thanks to its lower redshift where H I signal is stronger. For Band 2 alone (left-hand panel; dashed) , the joint w 0 − w a constraint is degraded by ≈1.5 with β = 0.5, and 2 with β = 1. Band 2+Planck (righthand panel; dashed is much less affected, where the uncertainty is degraded by less than a factor of ≈1.3 even with β = 1.
The degradation on the joint w 0 − w a plane is consistent with the degradation factor on the power spectrum. In Section 5.1, for Band 1 with β = 0.5, we see a power spectrum degradation factor of ≈2 at z 1.5 and 100, where most of the signal detection comes from, comparable with the factor of ∼2.5 degradation on the joint w 0 − w a plane. Similarly, for Band 2 with β = 0.5, the factor of ≈1.5 degradation on w 0 − w a is consistent with the power spectrum factor of ≈1.3 at z < 0.5 and 200 where most of the constraining power comes from.
In summary, Band 1 is more affected by 1/f noise than Band 2 due to observing at higher redshift. With a semicorrelated 1/f noise at β = 0.5, a degradation by a factor of ≈1.5 and <1.3 is expected on the joint w 0 − w a plane for Band 1+Planck and Band 2+Planck, respectively.
Hubble parameter and angular diameter distance
To study the impact of 1/f noise on the expansion history of the Universe, in this section we present projected constraints on the Hubble parameter H(z) and angular diameter distance D A (z) through parameter transformation described in Section 3.4 at three redshift bins of Band 1, and Band 2 respectively. We calculate the uncertainties, σ H(z) (green) and σ D A (z) (red), relative to the fiducial values of H(z) and D A (z) at each redshift bin, as shown in Fig. 7 for SKA alone (left-hand panel) and SKA+Planck (right-hand panel).
In the upper subplot of each panel, we plot the uncertainties for both Band 1 (circle) and Band 2 (triangle) for three scenarios with completely removed 1/f noise (β = 0, solid), partially correlated 1/f noise (β = 0.5, dashed), and completely uncorrelated 1/f noise (β = 1, dotted). The lower subplot gives the corresponding degradation ratio, defined as the ratio of the uncertainty with β = 0.5 (β = 1) to that with β = 0.
It can be seen from the upper subplots of Fig. 7 that the uncertainties increase with redshift for Band 2, but reaches its largest value at the middle bin (z = 1.5) for Band 1. The broad peak centred at z ∼ 1.5 is due to the derivatives of H(z) and D A (z) with respect to w 0 and w a having their peak value at z ∼ 1.5 and being decreasing afterwards. Note that our projections on H(z) and D A (z) are subject to the model assumed in the parameter transformation, which is a very different approach to that in SKA Red Book (2018) who treated H(z) and D A (z) independently in each bin. This is a very different prior on the allowed values and therefore we expect very different results from the two completely different approaches, even assuming the same instrumental and observing parameters without 1/f noise. We stress that the main point of our analysis is to compare the degradation on cosmological parameter constraints caused by residual 1/f noise compared to the case with β = 0, as opposed to the absolute constraint on the parameters. The degradation ratio between different levels of residual 1/f noise, as shown in the lower subplot of Fig. 7 , is expected to be still representative, were the same methodology adopted as in SKA Red Book (2018).
Typically, the 1/f noise for β = 0.5 degrades the constraint on H(z) and D A (z) by a factor of ≈2.5 for Band 1 alone and ≈1.4 for Band 2 alone. A completely uncorrelated 1/f noise at β = 1 will further degrade the results by a factor of ≈4 and ≈1.7 for Band 1 and Band 2, respectively. The addition of the Planck prior will mitigate the impact of 1/f noise so that with β = 0.5 as an example, the degradation ratio will be reduced to a factor of ≈1.2 for both bands.
Growth rate
We project constraints on the linear growth rate fσ 8 (z) = f(z)σ 8 D(z) in this section as introduced in Section 3.4. Fig. 8 shows the fractional uncertainties of fσ 8 (z) for both Band 1 and Band 2, at three 1/f noise scenarios of β = 0, β = 0.5, and β = 1. For each Figure 7 . The fractional uncertainties of H(z) (green) and D A (z) (red) as a function of redshift obtained from SKA Band 1 (circle) and Band 2 (triangle), respectively. The left-hand panel is from SKA alone and the right-hand panel is from SKA+Planck. In each case, we consider three scenarios with no 1/f noise (β = 0, solid), β = 0.5 (dashed), and β = 1 (dotted). The other parameters are set to the baseline values of v t = 1 deg s −1 , f knee = 1 Hz, and α = 1. The lower subplot in each panel gives the degradation ratio of the fractional uncertainty with β = 0.5 (β = 1) to that with β = 0.
band, there are 10 equally spaced frequency bins of fσ 8 (z) over the whole band width, where each bin is treated as a free parameter and marginalized over, with all other base parameters fixed. We do not include Planck priors in this case. The lower subplot of Fig. 8 gives the degradation ratio of the fractional uncertainties with β = 0.5 (β = 1) to that with β = 0.
From the upper subplot of Fig. 8 , our constraints on fσ 8 (z) are worse than those in SKA Red Book (2018). This is because while we have a limited N bin = 35 and N bin = 23 for Band 1 and Band 2, respectively, SKA Red Book (2018) calculated the H I power spectrum in the wavenumber, k, space, and thus had a finer resolution and more information along the line-of-sight direction, yielding smaller uncertainties. Again, we clarify that the main point of our paper is to compare results at different residual 1/f noise levels. The absolute value of uncertainties subjecting to specific analysis is thus not critical in our case.
In the lower subplot, with the 1/f noise at β = 0.5, the uncertainties on fσ 8 (z) are degraded by a factor of ≈4.8 and ≈1.3 for Band 1 and Band 2, respectively. A larger β value will lead to more significant degradation. These are consistent with the results for H(z) and D A (z).
C O N C L U S I O N S A N D D I S C U S S I O N S
In this paper, we forecast the constraints on cosmological parameters using the Fisher matrix method for SKA1-MID Band 1 and Band 2 in the single dish mode, taking into account the impact of 1/f noise using an empirical model from .
We begin with the scenario where only thermal noise is present. With a full H I power spectrum calculation, including crosscorrelation frequency bins and redshift-space-distortion contributions, the projected uncertainties are 4 per cent on w 0 , 1 per cent on h, 2 per cent on b H I using Band 1+Planck, and 3 per cent on w 0 , 0.5 per cent on h, 2 per cent on b H I using Band 2+Planck. These results would be degraded by ∼ 20 per cent on average if one were to exclude contributions from cross-correlation frequency bins. We have tested that excluding the RSD component from the power spectrum calculation will prevent simultaneous measurements on A s and b H I without the Planck prior. We also found that the parameter constraints improve with increased number of frequency Figure 8 . The fractional uncertainty of fσ 8 (z) against redshift obtained from SKA Band 1 (circle) and SKA Band 2 (triangle), respectively. The 1/f noise correlation index is set to β = 0 (effectively no 1/f noise; green), β = 0.5 (red), and β = 1 (cyan), respectively. The other parameters are set to [v t = 1 deg s −1 , f knee = 1 Hz, α = 1]. The lower subplot in each panel gives the ratio of the β = 0.5 and β = 1 curves over the β = 0 curve from the upper subplot. bins thanks to a finer redshift resolution. However, after a certain point, the expensive computing cost from increasing N bin brings little improvement on the results due to increased thermal noise with narrower channel width.
We study the impact of 1/f noise adopting the semi-empirical 1/f noise model from , which quantifies the expected 1/f noise level after applying component separation method at the map level. The residual 1/f noise spectrum is a function of the frequency correlation index β, the spectral index α, the knee frequency f knee , and the telescope slew speed v t . The 1/f noise affects the power spectrum detection more significantly at higher redshift due to a weaker H I signal, and smaller scales due to the effect of the beam. We find that most constraining power comes from z 1 and 100 at the presence of 1/f noise. A baseline semicorrelated 1/f noise at β = 0.5 degrades the total measured power spectrum by a factor of ≈2 for Band 1 and a factor of ≈1.3 for Band 2.
We focus on quantifying the impact of 1/f noise on cosmological parameters which IM is very sensitive to, and in particular, the joint constraint on w 0 − w a , the Hubble rate H(z), and the angular diameter distance D A (z). Typically, the baseline 1/f noise at β = 0.5 degrades these parameter uncertainties by a factor of ≈2.5 for Band 1 and ≈1.5 for Band 2. This is consistent with the degradation seen in the total power spectrum at the regions where most of the detections come from. The addition of the Planck prior compensates the loss caused by 1/f noise and reduces the degradation to ≈50 per cent for Band 1+Planck and ≈20 per cent for Band 2+Planck. The growth rate f(z) is more affected by 1/f noise at Band 1 with a degradation factor of ≈3, compared to Band 2 where there is negligible degradation. In order to minimize the impact, a minimized 1/f noise spectral slope (α < <2) and a low knee frequency (f knee << 0.5 Hz) is critical. A correlation in frequency (β → 0) and a large telescope slew speed (v t → 2 deg s −1 ) is also favoured.
Our analysis has shown that it is important to control 1/f noise for IM experiments. In particular, we find that 1/f noise can increase the absolute noise level by ∼2 orders of magnitude at certain angular scales and redshifts (see Fig. 1 ). It can degrade constraints on the growth rate f(z), which is especially valuable in terms of testing General Relativity (e.g. Jain & Zhang 2008; Baker et al. 2014 ). However, even with the representative baseline 1/f noise analysed in the paper, IM experiments can still yield decent parameter constraints without too much degradation, although instrumental designs without a proper consideration of 1/f noise can potentially result in a much larger degradation factor than quoted here. We hereby assert that one can no longer ignore the impact of 1/f noise on IM experiments.
We remind the reader that our conclusions are subject to the 1/f noise model introduced in , under their assumed scan strategy, component separation analysis, and perfect calibration without additional systematic errors. In practice, one may apply additional calibration or filtering techniques in the time domain to further reduce 1/f noise.
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